AbstrAct.-We compared mitochondrial genetic data for two spiny lobsters in Hawaii with different geographic ranges and histories of fishing pressure. Panulirus marginatus (Quoy and Gaimard, 1825) is endemic to Hawaii, and experienced a short, intense fishery in the Northwestern Hawaiian Islands (NWHI) and long-term, less intense exploitation in the Main Hawaiian Islands (MHI). Populations show significant overall structure (F st = 0.0037, P = 0.007; D est_chao = 0.137), with regional differentiation (F ct = 0.002, P = 0.047) between the MHI and the NWHI. Haplotype diversity did not differ significantly between regions (F 2, 8 = 3.740, P = 0.071); however, nucleotide diversity is significantly higher at the primary NWHI fishery banks (0.030) than in the MHI (0.026, tukey's P = 0.013). In contrast, Panulirus penicillatus (Olivier, 1791), found across the tropical Indo-West Pacific region, was not targeted by the NWHI fishery, but has experienced long-term exploitation in the MHI. Panulirus penicillatus has no significant overall population structure in Hawaii (F st = 0.0083, P = 0.063; D est_chao = 0.278), although regional differentiation (F ct = 0.0076, P = 0.0083) between the MHI and the NHWI is significant. Neither haplotype nor nucleotide diversity differed significantly between regions for P. penicillatus. While neither species has suffered a loss of genetic diversity from fishing, our results highlight that only by incorporating knowledge of fishing history with genetic connectivity data can we understand the most beneficial management strategy for each species. Neither exemplar species nor specific suites of traits are reliable predictors of the spatial scales of management.
Interest has increased in establishing effective marine protected areas for species conservation and management to meet the goals of ecosystem-based management (browman and stergiou 2004 (browman and stergiou , 2005 (browman and stergiou , Gerber et al. 2007 (browman and stergiou , beger et al. 2014 ). An essential data requirement for evaluating whether marine protected areas are properly sized and located for effective species management is detailed information regarding connectivity among disjunct habitats (e.g., botsford et al. 2001 , botsford et al. 2003 , Halpern and Warner 2003 , Palumbi 2004 , cowen et al. 2006 . The size and number of connected populations and frequency of larval influxes can profoundly influence the density and persistence of individuals at specific locales (MacArthur and Wilson 1963 , stacey and taper 1992 , sale and Kritzer 2003 . This fact is notably pertinent for benthic marine invertebrates living in remote island chains where isolated locations are more likely connected through larval dispersal than adult movement. Unfortunately, the pelagic developmental period of most invertebrate larvae, coupled with a small size and often directed movement to either avoid or take advantage of the prevailing oceanographic currents, make larvae extremely difficult to track (reviewed by Levin 2006) . The poor understanding of population connectivity in organisms with a biphasic life cycle and pelagic larval development has confounded the management of these marine species , López-Duarte et al. 2012 ).
An example of this is the Northwestern Hawaiian Islands (NWHI) lobster fishery, which began in 1976 and principally targeted the endemic Hawaiian spiny lobster, Panulirus marginatus (Quoy and Gaimard, 1825) , as well as the scaly slipper lobster, Scyllarides squammosus (H. Milne-Edwards, 1837). The Hawaiian Archipelago consists of the Main Hawaiian Islands (MHI, Hawaii to Niihau), and the NWHI, a series of islands, reefs, seamounts, and atolls (hereafter referred to as banks) that extend approximately 2000 km across the subtropical Pacific (Fig. 1) . From 1976 to 2000, this NWHI lobster fishery reported landings of spiny and slipper lobsters totaling 11 million individuals (table 1 in schultz et al. 2011). Landings peaked within 7-9 yrs (1983 -1985 , during which time it was Hawaii's most valuable demersal fishery (Polovina 1993) . However, both reported landings ) and catch per unit effort (cPUE; fig. 2 in O'Malley 2009) steadily declined over the next decade (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) . Despite almost yearly stock assessments and a variety of management measures, the National Marine Fisheries service (NMFs) ultimately closed the fishery in 2000 because of increasing uncertainty in population and stock assessment models, particularly with regard to spatial heterogeneity and the assumption of synchronous dynamics among bank-specific stocks (botsford et al. 2002) . since the closure of the fishery, there has been no evidence of recovery of either species (O'Malley 2009 (O'Malley , 2011 . In 2006, the entire NWHI region was protected as the Papahānaumokuākea Marine National Monument (PMNM). The nonextraction nature of the PMNM ensures that lobster fishing will not likely resume in the NWHI.
Extensive subsequent research has justified the concerns of NMFs lobster fishery managers. O'Malley presents evidence for both spatial and temporal differences in growth rates of P. marginatus (2009) and S. squammosus (2011) across the three primary banks targeted by the fishery (Necker Island, Maro reef, and Gardner Pinnacles), and an additional location closed to fishing throughout most of the fishery's duration (Laysan Island). The results of these studies indicate that both spiny and slipper lobsters at each of these islands or atolls are experiencing different environmental conditions and/or varied prey regimes (O'Malley et al. 2012) .
Less well known is whether lobsters at each of the islands and atolls in the Hawaiian Archipelago are genetically isolated populations that are locally adapting to these bank-specific dynamics, or if this is one single population with phenotypically plastic traits that vary from bank to bank. Quantitative estimates of population connectivity are required to develop models that more accurately represent island/bank specific population dynamics. results from tagging studies indicate that adult lobsters do not traverse the deep-water channels between banks. Not one of approximately 85,000-tagged lobsters was recaptured on a different bank (O'Malley and Walsh 2013) . On average, tagged adults of both P. marginatus and S. squammosus move <1 km from their initial tagging location, even after 5 yrs at liberty (O'Malley and Walsh 2013) . Therefore, if the different islands and atolls are forming an effectively panmictic population or even a structured metapopulation, the gene flow between islands is maintained through the pelagic larval phase. spiny and slipper lobsters have some of the longest larval durations of any taxa (6 mo to >1 yr, and 3-6 mo, respectively; Phillips et al. 2006, Lavalli and spanier 2007) . such long pelagic durations make larval dispersal patterns extremely difficult to predict, but intuitively, species with larval durations of this length are expected to be effectively panmictic across broad geographic ranges (shanks et al. 2003, siegel et al. 2003) . More recent analyses suggest only a weak relationship exists between larval duration and the degree of population structure across a species' range (shanks 2009 (shanks , Weersing and toonen 2009 (shanks , riginos et al. 2011 (shanks , selkoe and toonen 2011 . Accordingly, although many previous genetic studies on spiny lobsters have found high levels of gene flow across broad geographic scales (shaklee and samollow 1984 , Ovenden et al. 1992 , tolley et al. 2005 , García-rodríguez and Perez-Enriquez 2006 , Inoue et al. 2007 , García-rodríguez and Perez-Enriquez 2008 , indications of localized recruitment despite an 8-12 mo larval duration have been demonstrated in a few Panulirus species (silberman and Walsh 1994 , Johnson and Wernham 1999 .
Dispersal patterns of Hawaiian lobster larvae are not well known, although hypotheses have been derived from offshore distributions of phyllosoma of P. marginatus and Panulirus penicillatus (Olivier, 1791), the two spiny lobster species in Hawaii (i.e., Johnson 1968, Polovina and Moffit 1995) , as well as from settlement patterns of pueruli (MacDonald 1986) , and Lagrangian dispersal kernel modeling (Polovina et al. 1999 , Kobayashi 2006 . Pollock (1992) hypothesized that phyllosoma mix together in the Pacific subtropical gyre and may remain there for as long as 4 yrs before recruiting to Hawaiian reefs, while MacDonald (1986) contended that larvae are retained around the archipelago for much shorter time periods before settlement. Polovina et al. (1999) concluded that phyllosoma move with the predominant currents in a southeasterly direction until reaching Necker Island, at which time they travel southwest. Genetic studies using allozymes to examine population differentiation indicate that prior to the opening of the NWHI fishery, spiny lobsters were genetically homogeneous throughout the archipelago (shaklee and samollow 1984). After the peak of exploitation in the NWHI, seeb et al. (1990) studied P. marginatus populations at Maro reef and Necker Island (the two most heavily fished banks) and found a significant difference between these banks at one of seven allozyme loci, but no significant differences among locations for the other six. While allozyme studies have proven useful for population delineation, they have limited resolution especially in cases of fine scale population structure. DNA sequence data contain higher levels of variability that often allow the distinction of populations that are not resolved with allozyme markers (Avise 2004).
Here we evaluate the scale of population connectivity for the most heavily targeted species in the NWHI lobster fishery, the endemic Hawaiian spiny lobster, P. marginatus, using mtDNA cytochrome subunit c oxidase II (cOII). We expand the scope of previous studies to encompass 13 islands and atolls throughout the Hawaiian Archipelago. We compare the pattern of genetic differentiation to that of a second spiny lobster species found in Hawaii, the broadly distributed congener, P. penicillatus, which has been steadily fished in the Main Hawaiian Islands (MHI), but was a negligible portion of the NWHI catch. Our goals for the present study were threefold: (1) determine the patterns of population genetic differentiation for both species in Hawaii, (2) compare patterns of genetic connectivity between the two species with similar evolutionary histories and ecological requirements, but vastly different distribution ranges, and (3) assess whether fishing has had a detectable impact on genetic variability in these two species. These data will enable fisheries managers to determine whether the closure of the NWHI lobster fishery and the establishment of the PMNM in the NWHI have the potential to rejuvenate lobster stocks in the Hawaiian Archipelago. In addition, the results will address the utility of using exemplar species to set management regimes for similar taxa.
Methods collection
We collected P. marginatus and P. penicillatus tissue specimens using three distinct methods: by hand, with Fathoms Plus (san Diego, california) lobster traps, and from commercial and recreational fishers (detailed in Iacchei and toonen 2013). All specimens were collected non-lethally by removing a small piece of an antenna or a leg segment, and lobsters were returned to the site of capture (with the exception of commercial fishers, who retained all legal-sized lobsters). Whenever possible, carapace length, sex, and a GPs coordinate of sampling locations were recorded. For P. marginatus, we collected and sequenced a total of 564 individuals from 13 islands and atolls throughout the Hawaiian Archipelago. Our southernmost P. marginatus samples were obtained from Maui, while our northernmost were from Kure Atoll (Fig. 1, table 1 ). For P. penicillatus, we collected and sequenced a total of 281 individuals from 10 islands or atolls in Hawaii, with the southernmost site, Hawaii Island, and the northernmost, Pearl and Hermes reef (Fig. 1, table 1 ). tissue samples were preserved in either 20% dimethyl sulfoxide salt-saturated buffer (seutin et al. 1991 (seutin et al. , Gaither et al. 2011 or 95% ethanol, and stored at room temperature until extracted. DNA Extraction, Pcr, and sequencing For both species, genomic DNA was isolated using either DNeasy Animal tissue kits (Qiagen, Inc., Valencia, cA) or the modified HotsHOt method (truett et al. 2000 (truett et al. , Meeker et al. 2007 ). For P. marginatus, we amplified a 662 base pair (bp) fragment of cytochrome c oxidase subunit II gene (cOII) using species-specific primers PmarcOII-F (5΄-GctGGAAtAGtGGGGAcctc-3΄) and PmarcOII-r (5΄-GcttctGAccGAccGtAAct-3΄) designed from the P. japonicas mitochondrial genome, Genbank sequence #Nc_005251.1 (Yamauchi et al. 2002) . For P. penicillatus, we amplified a 460 bp fragment of cOI using species-specific primers PpencOI-F (5΄-GctGGAAtAGtGGGGAcctc-3΄) and PpencOI-r (5΄-GcttctGAccGAccGtAAct-3΄) designed from Genbank sequence #AF339468 (Ptacek et al. 2001) . both sets of primers were designed using Primer3 (rozen and skaletsky 2000). cOII was used for P. marginatus instead of cOI (the common mtD-NA marker used for intraspecific studies of spiny lobsters) because we consistently found double peaks in the electropherograms of P. marginatus cOI sequences. We assumed these were the result of a nuclear DNA pseudogene, which are known to occur commonly in crustaceans (Williams and Knowlton 2001 , buhay 2009 , calvignac et al. 2011 , and would confound our analyses. For both species, polymerase chain reactions (Pcrs) for each individual were performed in 20-μl aliquots containing 5-50 ng of genomic DNA, 0.125 μM each of forward and reverse primer, 0.75× bovine serum Albumin (bsA), 10 μl of 2× biomix red (bioline), and sterile deionized water to volume. A bio-rad Icycler Thermal cycler (bio-rad Laboratories, Hercules, cA, UsA) was used for all Pcr reactions. The Pcr protocol was the same for both species, and consisted of an initial denaturation step of 95 °c for 4 min, 35 cycles of denaturation (95 °c for 30 s), annealing (56 °c for 30 s), and extension (72 °c for 30 s), and a final extension step (72 °c for 10 min). Pcr products were purified with 0.75 units of Exonuclease I and 0.5 units of Fast Alkaline Phosphatase (ExoFAP, Fermentas) per 7.5 μl of Pcr product, and incubated at 37°c for 60 min, followed by deactivation at 85 °c for 15 min. Purified Pcr products were sequenced in the forward direction with an AbI 3730XL or an AbI 3130XL capillary sequencer (Applied biosystems, Foster city, cA). sequences with ambiguous nucleotide calls and all unique haplotypes were also sequenced in reverse to confirm sequence identity. sequences were edited, aligned, and trimmed to a uniform size using Geneious Pro v4.8.5 (biomatters, Ltd., Auckland, New Zealand). Neither the P. marginatus nor the P. penicillatus alignment contained any frameshift mutations, stop codons, or indels.
Data Analysis
Summary Statistics.-We calculated nucleotide (π) and haplotype diversity (h) described in Nei (1987) using Arlequin v3.5 (Excoffier et al. 2010) . Effective number of alleles (1 ⁄ (1 − h)) as described by Jost (2008) was calculated by hand. We constructed a median-joining network (bandelt et al. 1999 ) using the program Network v4.6.0.0 (http://www.fluxus-engineering.com/network_terms.htm) to visualize the frequencies, spatial distributions, and relationships among haplotypes.
Spatial Scale of Genetic Connectivity.-to investigate the spatial scale of genetic connectivity in these species, we conducted an analysis of molecular variance (AMOVA) in Arlequin v3.5 (Excoffier et al. 2010 ). In the AMOVA framework, we tested for genetic differentiation across the entire Hawaiian Archipelago, as well as between two regions of the archipelago, the MHI and the NWHI. These regions were chosen a priori based on regional genetic differentiation found in other species (reviewed in toonen et al. 2011), as well as contemporary fisheries management regimes. We specifically wanted to test the hypothesis that the protected NWHI was a source of propagules to replenish lobster stocks in the MHI. We also determined the level of genetic differentiation among sites by calculating pairwise Φ st in Arlequin. Φ st is an analogue of Wright's F st that incorporates a model of sequence evolution (Excoffier et al. 1992) . Using the baysean Information criterion (bIc) criterion in jModeltest2 (Guindon and Gascuel 2003, Darriba et al. 2012) , we determined the most appropriate model of sequence evolution to implement in Arlequin for each species and genetic marker. For P. marginatus cOII, we used the algorithm of tamura and Nei (1993) with a ti/tv ratio of 8.731 and gamma parameter of 1.467. For P. penicillatus cOI, we used the same algorithm with a ti/tv ratio of 7.273 and gamma parameter of 1.550. For both species, global Φ st , regional Φ ct , and each pairwise population Φ st were tested for significance with 100,000 permutations. We also conducted exact tests of population differentiation (raymond and rousset 1995, Goudet et al. 1996) in Arlequin. For this test, we used 100,000 Markov chains, with 10,000 de-memorization steps. to correct for inherent bias when conducting multiple comparisons, we implemented a false discovery rate (FDr) correction (benjamini et al. 2006 ) to adjust the critical P-value for each pairwise site comparison for all tests. Due to the high mean within population heterozygosity of both cOII in P. marginatus and cOI in P. penicillatus, we also calculated D est_chao (Jost 2008) as an absolute measure of differentiation between sites. While D est_chao does not account for the genetic distance between haplotypes, it is less susceptible to biases caused by genetic diversity (bird et al. 2011) , whereas the magnitude of F st /Φ st is inversely proportional to the within population expected heterozygosity (Hedrick 2005 , Meirmans 2006 , Jost 2008 . For a more detailed explanation of the statistical properties of D est_chao , see bird et al. (2011) and skillings et al. (2014) . D est_chao was calculated with GenoDive 2.0b20 (Meirmans and Van tienderen 2004) .
Effective Migration
Rates.-to test whether larval production from protected lobsters in the PMNM has the potential to be exported to the MHI, for each lobster species we calculated a bayesian coalescent-based migration rate (N e m) between the MHI and the NWHI and a region-specific mutation parameter (θ) for each of the two regions using Migrate-n v3.3.2 (beerli 2006 (beerli , 2009 (beerli , beerli and Palczewski 2010 . We assessed convergence of our Migrate McMc chains using the CODA package (Plummer et al. 2006) in r (r core team 2013, http://www.r-project.org). For species that likely have relatively large effective population sizes (N e ), it also entirely possible that any coalescent results are not due to actual effective migration, but to incomplete lineage sorting following an initial colonization event. We attempted to assess this possibility using an isolation with migration model, which specifically evaluates this scenario (IMa2; Hey and Nielsen 2004, Hey 2010) .
Neither our Migrate nor our IMa2 analyses provided conclusive results. The trace and density plots of the McMc chains in Migrate suggest that there may be high levels of autocorrelation in each of the chains, as well as potential issues with convergence. Additionally, some of the chains returned equal probabilities for all values within the given priors for one or more parameters. The IMa2 analyses also did not converge. Therefore, we do not report or interpret any of the Migrate or IMa2 results here.
Impacts of Fishing on Genetic Diversity.-to assess the potential effects of fishing on genetic diversity in P. marginatus, we conducted one-way ANOVAs followed by tukey's post-hoc tests for three regions of different fishing pressure: the southern NWHI (Necker Island, Gardner Pinnacles, Maro reef) with 25 yrs of short, but very intensive fishing; the MHI (Maui, Oahu, Kauai), which have been fished intensively for over a century, but with lower instantaneous levels of effort than the NWHI fishery sites; and the central and northern NWHI (Laysan Island, Lisianski Island, Pearl and Hermes reef, Midway Atoll, and Kure Atoll), which were fished primarily from 1975 to 2000, although not as intensively as the NWHI or MHI fishery areas. For P. penicillatus, we conducted t-tests comparing the MHI with the NWHI, because P. penicillatus have been taken in the MHI for over a century (Morris 1968) , but were rarely captured by traps in the NWHI fishery (Uchida et al. 1980) .
Haplotype diversities were rarefied to 30 (P. marginatus) and 15 (P. penicillatus) individuals using the program contrib v1.2 (Petit et al. 1998 ) to account for increasing haplotype diversity with larger sample sizes. For both species, statistical analyses were conducted on haplotype diversities that were logit transformed to maintain equivalent variances among treatments. After logit transformation, variances were homogenous for all tests (Levene's test: P > 0.05). All statistical analyses were conducted in sPss 17.0 and r. results
Panulirus marginatus
Summary Statistics.-We resolved 662 bp of cOII for a total of 564 lobsters across 13 islands/atolls throughout the Hawaiian Archipelago, yielding 282 mtDNA haplotypes. The median joining network (Fig. 2) portrays two common haplotypes that are separated by five bp and represent 56 and 53 individuals, respectively. Each of these haplotypes is found in 12 out of 13 sites in the study (neither was found at Lanai), and combined, these haplotypes represent 19.3% of the individuals in the study. A third haplotype is separated by five bp through intermediate haplotypes from one of the dominant haplotypes (53) and by nine bp from the other (56). It represents 16 individuals (2.8% of those sampled). Most of the haplotypes in this study differ by only one base pair from their closest linked haplotype, although some differ by as many as four base pairs. Overall, the median joining network is dominated by three distinct starburst patterns off of the three central haplotypes, although there is additional complex structure and linkages within the network. As evidenced by the network, haplotype diversity is high, averaging h = 0.977, and ranging from h = 0.93 in Maui to h = 1.00 at Lanai and French Frigate shoals, although each of these sites is represented by less than 10 individuals. This range in haplotype diversities translates to a broad range of effective number of haplotypes, from a low of 14.77 (Maui) to a high of 147.06 (Pearl and Hermes Atoll) when Lanai and French Frigate shoals are excluded. The mean number of effective haplotypes is 58.53. Nucleotide diversity has a mean of π = 0.029, and ranges from π = 0.025 at Kauai to π = 0.035 at Lanai. The number of individuals sequenced (n), haplotype diversity (h), effective number of haplotypes (h eff ), and nucleotide diversity (π) are listed for each site in table 1.
Spatial Scale of Genetic Connectivity.-Global F st is low (0.0037), but statistically significant (AMOVA: P = 0.007), whereas global Φ st is −0.0016, and not statistically significant (AMOVA: P = 0.635). The distinction between the MHI and NWHI regions follows a similar pattern, with low, but statistically significant genetic structure as evidenced by F ct (0.002, P = 0.047), but no significant genetic structure between these regions using Φ ct (0.003, P = 0.105). The 55 pairwise F st comparisons range in magnitude from 0.007 to 0.020 (table 2), while the pairwise Φ st comparisons range from −0.012 to 0.023. After correcting for FDr, no pairwise comparisons for either F st or Φ st remain significant (q < 0.0009 for both F st and Φ st ). The overall exact test of population differentiation is significant (P < 0.000005), and five pairwise comparisons are statistically significant after FDr correction (q < 0.005) (Online Impacts of Fishing on Genetic Diversity.-There is no significant difference in rarefied haplotype diversity among regions (F 2,8 = 3.740, P = 0.071).
There is an overall significant difference in nucleotide diversity among banks with different fishing pressure (F 2, 8 = 7.567, P = 0.014). tukey's post-hoc tests show that nucleotide diversity is significantly greater in the heavily fished area of the NWHI (0.030) than in the MHI (0.026, P = 0.013). Differences in nucleotide diversity between the lightly fished (0.029) and the heavily fished (0.030) banks of the NWHI are not significant (P = 0.337), nor are differences between the MHI (0.026) and the lightly fished banks of the NWHI (0.029, P = 0.058).
Panulirus penicillatus
Summary Statistics.-We resolved 460 bp of cOI in 281 lobsters across 10 islands/ atolls in Hawaii, which yielded 85 unique haplotypes among these 281 individuals. The median joining network (Fig. 3) is dominated by one common haplotype that represents 90 individuals (32.0% of the individuals in the study), and is found at eight of 10 sites in the study [not found at Maro reef (n = 5) and Necker Island (n = 5)]. This haplotype is separated by one bp from the next most common haplotype representing 21 individuals (7.5%), and also found at the same eight of 10 sites. The rest of the haplotypes are predominantly branched off of one of these two haplotypes in a starburst pattern (Fig. 3) . The majority of haplotypes are connected by one base pair, with a maximum of two base pairs separating neighboring haplotypes. Haplotype diversity is moderate, ranging from h = 0.75 at Maui to h = 1.00 at Maro reef (n = 5), with mean of h = 0.89. There is a mean of 10.05 effective haplotypes, and these range from 4.06 at Maui to 25.51 at Lisianski Island, excluding Maro reef. Nucleotide diversity is low, ranging from π = 0.004 to π = 0.013 with a mean of π = 0.007. table 1 lists number of individuals sequenced (n), haplotype diversity (h), effective number of haplotypes (h eff ), and nucleotide diversity (π) for each site.
Spatial Scale of Genetic Connectivity.-Global F st (0.0083) and global Φ st (0.0097) are similar in magnitude, and neither is significant (AMOVA: F st : P = 0.063; Φ st : P = 0.054). However, the regional separation between the MHI and NWHI is low, but statistically significant for both F ct (0.0076, P = 0.0083) and Φ ct (0.011, P = 0.023). The 55 pairwise F st comparisons range in magnitude from −0.02 to 0.044 (table 2) , while the pairwise Φ st comparisons range from −0.015 to 0.055. None of the pairwise comparisons for F st or Φ st are significant after FDr correction (q < 0.0018). The overall exact test of population differentiation is significant (P = 0.021), but none of the pairwise exact tests are significant after FDr correction (q < 0.0018) (table s1). Overall D est_chao was 0.278, which is more than an order of magnitude greater than global F st (0.008). Most of the pairwise D est_chao comparisons are also much greater in magnitude than pairwise F st or Φ st values, and range up to 0.339 (table 3) .
Impacts of Fishing on Genetic
Diversity.-Mean rarefied haplotype diversity in the NWHI (0.8931) is not significantly different than in the MHI (0.8696) (t = −2.073, df = 6, P = 0.084). similarly, mean nucleotide diversity is not significantly different between the NWHI (0.0083) and the MHI (0.0064) (t = −1.002, df = 6, P = 0.355). Table 2 . Panulirus marginatus pairwise population structure results for a 662 base pair fragment of the mitochondrial DNA cytochrome c oxidase subunit II gene. F ST is below the diagonal and Φ ST is above the diagonal. Shaded comparisons are significant at P < 0.05. No comparisons were significant after correcting for false discovery rate. Site abbreviations are defined in Table 1 Discussion spiny lobsters constitute valuable fisheries wherever they are found, leaving them vulnerable to overharvesting despite seemingly large population sizes. Additionally, spiny lobsters such as P. marginatus and P. penicillatus in Hawaii share life history characteristics that include a biphasic life cycle, a small adult home range, and an extremely long (>6 mo) pelagic larval duration that are typical of species with their pelagic larval phases that maintain population connectivity across broadly dispersed habitats. species with these characteristics are notoriously difficult to manage because local larval supply is potentially decoupled from local larval production (e.g., caley et al. 1996, cowen and sponaugle 2009). Here, we elucidate contrasting patterns of genetic differentiation in these two species within the Hawaiian Archipelago using mtDNA data. These data, combined with information on historical and contemporary patterns of fishing activity in Hawaii, provide insight into whether the PMNM, which was not specifically created for fisheries management, may serve as a useful management tool to enhance depleted lobster stocks in the MHI (Morris 1968) . spatial Genetic structure and the PMNM as a Larval source for the MHI Panulirus marginatus.-Our results indicate a surprising amount of genetic structure in P. marginatus for a species with an estimated 12-mo pelagic larval duration (Polovina and Moffitt 1995) . There is significant structure across the archipelago (F st = 0.037, P = 0.007), as well as between the NWHI and the MHI for P. marginatus (F ct = 0.002, P = 0.047), indicating limited exchange between these two regions. Additionally, mean D est_chao between regions (0.2013) is greater than the mean among sites in the NWHI (0.060) as well as the overall mean (0.1325), but is lower than the comparisons among MHI sites (0.254).
Most likely, these patterns are driven by the isolation of Kauai and Maui, and to a lesser extent the three most northern atolls, especially Pearl and Hermes Atoll. Although none of the pairwise F-statistic tests were significant after correcting for multiple comparisons, both Kauai and Maui had all 10 pairwise comparisons of absolute differentiation between sites (D est_chao ) >10% (table 4). Kauai was on average differentiated from other locations at D est_chao = 0.284, and Maui on average at D est_chao = 0.280. Pearl and Hermes was also had an average absolute differentiation of D est_chao = 0.250, although it was only differentiated by >10% in six comparisons. Notably, these sites were differentiated from the islands and atolls in closest proximity to them, both in the northern and southern end of the range, while other sites, such as Oahu or Laysan are <1% differentiated from very distant sites in the Hawaiian Archipelago.
This finding resembles a pattern documented by Iacchei et al. (2013) in a congeneric species, P. interruptus. In baja california, four sites were significantly differentiated from most other collection sites throughout the species' distribution, while locations at the opposite ends of the geographic range from one another showed no genetic differentiation from one another. Iacchei et al. (2013) showed that certain sites had significantly higher proportions of kin for P. interruptus, likely as a result of either localized recruitment or coordinated larval delivery, which may be due to persistent upwelling regimes at those specific sites. With only one genetic marker per species, we were not able to assess kinship for P. marginatus or P. penicillatus in Hawaii. As more genetic markers become available through next-generation sequencing technology, and regional oceanographic models become more refined, this avenue of research should provide substantial insights into the patterns of genetic differentiation we have detected here.
site-specific patterns are often only evident in genetic data when multiple species are compared over the same geographic scale (e.g., selkoe et al. 2010, toonen et al. 2011 ). In the Hawaiian Archipelago, Kauai has been genetically isolated from either the NWHI (14/20) or the rest of the MHI (12/21) in 26/41 comparisons that were possible across 27 species studied to date (toonen et al. 2011) . Although not as isolated as Kauai for P. marginatus, Pearl and Hermes has also been significantly differentiated in 10/18 species comparisons that have been conducted, and Maui Nui has shown genetic distinction between Oahu in 8/19 comparisons (toonen et al. 2011) . The genetic distinction of these locations holds across a variety of taxa that have substantially different life history strategies, ecologies and evolutionary histories. species with such diverse biological characteristics suggests that shared physical drivers are primarily responsible for this genetic isolation. Geographic distance can be ruled out as a possibility, because there are much greater distances between other banks in the NWHI. However, not enough is known about the near shore current dynamics to determine whether realized oceanographic distance ) is large between each of these banks and the rest of the archipelago. channel depth (sensu schultz et al. 2008), current velocity and/or direction (bird et al. 2007 ), or nearshore oceanographic gyres (christie et al. 2010 (christie et al. , Fox et al. 2012 ) may all serve as isolating or retentive factors in Hawaii, but do not obviously match genetic patterns reported to date (toonen et al. 2011) . regardless, evidence is accumulating (selkoe et al. , toonen et al. 2011 (selkoe et al. , Iacchei et al. 2013 ) that a location-specific rather than speciesspecific focus may provide more fruitful insights into connectivity drivers, and these drivers should be investigated more closely in the Hawaiian Archipelago.
The modest genetic differentiation between the NWHI and MHI indicates that little exchange occurs between the regions, but occasional dispersal opens the possibility that populations in the NWHI may, over evolutionary timescales, aid in the rejuvenation of populations in the MHI and vice-versa. The median joining network shows that two of the three major haplotypes in the network are found at all sites except Lanai (n = 3), and the third major haplotype is found in both the MHI and the NWHI, but is missing from Maui, Laysan, and Lisianski Islands. two potential scenarios exist regarding the patterns of effective larval migration for P. marginatus. If there is higher effective migration from the MHI to the NWHI, then the closure of the NWHI lobster fishery, and the creation of the PMNM will not provide a substantial influx of new lobster recruits to the MHI. This scenario is supported by Migrate analyses for almost all of the species successfully surveyed to date, which have shown equal or greater effective migration from the MHI to the NWHI (bird et al. 2007 (bird et al. , timmers et al. 2011 (bird et al. , Dibattista et al. 2011 (bird et al. , baums et al. 2013 (bird et al. , concepcion et al. 2014 (bird et al. , skillings et al. 2014 . If this is true for P. marginatus as well, then the PMNM is unlikely to serve as a source of lobster recruits.
Alternatively, if there is higher effective migration from the NWHI to the MHI, then the closure of the NWHI lobster fishery, and the creation of the PMNM have the potential to provide a substantial influx of new lobster recruits to the MHI. If we assume effective migration is predominated by m, than the prediction of higher effective migration from the NHWI to the MHI matches trajectories of P. marginatus phyllosomes predicted by a Lagrangian particle dispersal model designed for this Table 4 . Panulirus penicillatus pairwise population structure results for a 460 base pair fragment of the mitochondrial DNA cytochrome c oxidase subunit I gene. F ST is below the diagonal and Φ ST is above the diagonal. Shaded comparisons are significant at P < 0.05. No comparisons were significant after correcting for a false discovery rate. Site abbreviations are defined in Table 1 species (Polovina et al. 1999) . Polovina et al. (1999) concluded that the dominant directional transport of P. marginatus phyllosomes was from the northwest to the southeast to Necker Island, and from Necker Island to the southwest. No larvae are predicted to make it to Oahu from Midway Atoll or vice versa (Polovina et al. 1999) . Although this is a limited representation of the total number of banks in the NWHI, based on these data, the overall contribution to the MHI from the NWHI is greater than from the MHI to the NWHI. If we assume instead that effective migration is driven by θ, evidence from collection surveys , and historical commercial landings data from the NWHI fishery (DiNiardo and Marshall 2001) and the MHI fishery (Morris 1968, skillman and Ito 1981) indicate that lobster abundances have been consistently higher in the NWHI than the MHI. The highest cPUEs in the archipelago occur at Necker Island, Maro reef, and Gardner Pinnacles in the NWHI tagami 1984, DiNardo and Marshall 2001) . These three banks also contain extensive habitats of intermediate relief that sustain larger abundances of P. marginatus juveniles (Parrish and Polovina 1994) .
If effective migration is predominantly from the NWHI to the MHI, we also need to consider the spatial distribution of historical fishing pressure in the NWHI in our evaluation of the potential efficacy of the PMNM. If cPUE is considered an accurate proxy for abundance, prior to intensive harvest in the NWHI lobster fishery, cPUE at Necker Island (4.72) and Maro reef (4.04) were 2× to 94× the cPUE at other reefs in the NWHI (table 1 in Uchida et al. 1980) . by the time the fishery was closed in 2000, the cPUE at all of the banks in the NHWHI declined, but at Necker Island and Maro reef, cPUE declined to approximately 1 and 1.4, respectively ( fig. 2 in O'Malley 2009), which represents a five-fold decline at Necker Island in just 25 yrs. compounding this decline in abundance, the fishery selectively removed the largest lobsters with the greatest reproductive output (DeMartini et al. 2003) .
Eight years after the closure of the NWHI lobster fishery, fishery-independent monitoring data indicated that cPUE remained consistently low since the fishery closed, with 2008 cPUE equaling 0.80 at Necker Island, 0.29 at Gardner Pinnacles, and 0.75 at Maro reef (O'Malley 2009 (O'Malley , schultz et al. 2011 . Given that these were reliably the most productive banks in the Hawaiian Archipelago, if these locations do not recover their pre-exploitation densities, it is unlikely that there will be enough recruits from the NWHI to contribute to the stock in the MHI, unless reproductive output increases solely based on increasing sizes of females (i.e., birkeland and Dayton 2005). When we consider these data in our assessment of the potential of the PMNM as a source for new recruits to the MHI, it becomes clear that even if there are high levels of effective migration from the NWHI to the MHI, any anticipation that the now protected PMNM will rapidly replenish MHI stocks of P. marginatus is probably misguided.
Panulirus penicillatus.-While there is still some potential over a longer time period for P. marginatus stocks to rebound after the closure of the NWHI lobster fishery, P. penicillatus stocks in the MHI are unlikely to benefit from the establishment of the PMNM. Negligible numbers of P. penicillatus were removed during the NWHI fishery due to the incongruence between the shallow, rough water habitat preferences of P. penicillatus (George 2006) and the depths permitted for the NWHI lobster fishery (18 m and deeper, Parrish and Polovina 1994) . Hence, the protection of the PMNM would not have directly reduced harvested levels of P. penicillatus, so reproductive output will likely remain the same (based solely on the perceived impact fishing would have had on the population).
Although the two dominant haplotypes are shared across both regions (Fig. 3) , there is significant structure between the NWHI and the MHI for P. penicillatus F ct (0.0076, P = 0.0083) and Φ ct (0.011, P = 0.023), indicating that there is limited exchange between these two regions. Means of both within-region D est_chao values are below zero, whereas the mean between MHI and NWHI sites (0.072), while low, is greater than the within region comparisons and the overall mean (0.0321). The implications for management of P. penicillatus depends more on the historical fishery dynamics and the ecology of this species than patterns of effective migration. Observations of P. penicillatus abundances during collection surveys provide evidence that there are much greater numbers of P. penicillatus in the MHI than the NHWI, and P. penicillatus phyllosoma were numerically dominant (over P. marginatus) in larval tows near Oahu, but were not present in tows east of French Frigate shoals or off of Midway Atoll (Johnson 1968 ). There has not been an investigation of dispersal dynamics for this species. However, regardless of the magnitude and direction of effective migration for P. penicillatus, the establishment of the PMNM will most likely not provide a substantial additional benefit for MHI P. penicillatus stocks, due to the minimal harvest of P. penicillatus in the NWHI prior to the PMNM fishery closure.
Effects of Fishing Pressure on Genetic Diversity
Intensive fishing pressure on populations has the potential to reduce genetic variation, alter population subdivision, and induce selection on specific genes or traits (reviewed in carvalho and Hauser 1994 , Allendorf et al. 2008 . The NWHI lobster fishery rapidly expanded from almost zero harvest to industrial harvest levels (16 vessels, 1000 traps hauled/vessel day, 1000 metric tons/year) in approximately 6 yrs (clarke et al. 1992, schultz et al. 2011) . With increased fishing pressure, cPUE of both spiny and slipper lobsters decreased almost five-fold from their pre-fished levels (DeMartini et al 2003 , fig. 2 in O'Malley 2009 , schultz et al. 2011 . Median body size at sexual maturity also declined (Polovina 1989) ; a response to exploitation documented in other spiny lobster fisheries (Pollock 1995a,b, Melville-smith and de Lestang 2006) . This is often thought to be a temporary phenotypically plastic response (e.g., Melville-smith and de Lestang 2006), although it may also be an evolutionary response to the high level of exploitation (Fenberg and roy 2008, Allendorf et al. 2008) . In addition, size-specific fecundity increased at Necker Island over two subsequent time periods, which provides additional evidence of a compensatory response to fishing (DeMartini et al. 2003) . rigorous test of fishing effects on genetic diversity requires genetic data from pre-exploitation to current exploitation levels (coltman et al. 2003 , Kuparinen and Merilla 2007 , Allendorf et al. 2008 , Hauser and carvahlo 2008 . because no such historical data were available, we used spatial disparity in fishing effort to investigate the effects on nucleotide and haplotype diversity, with the knowledge that many factors may vary spatially as well that could influence these values.
In P. marginatus, there was no significant difference in haplotype diversity; however, nucleotide diversity was significantly higher at the heavily fished banks in the NWHI than it was in the MHI. The less-targeted banks in the NWHI had intermediate haplotype and nucleotide diversity to the MHI and heavily fished banks in the NWHI, although these differences were not significant. There was no significant difference in either nucleotide or haplotype for P. penicillatus between the MHI and the NWHI, which is not surprising given the relative insensitivity of these metrics to all but the strongest bottlenecks (Allendorf 1986 , Allendorf et al. 2008 , Gaither et al. 2010a .
The higher diversity levels of P. marginatus in the center of the chain most likely reflect the larger historical N e of those banks, rather than a detectable effect of fishing. cPUE prior to exploitation in the NWHI (Uchida and tagami 1984) , extent of deep-water habitat for juveniles (Parrish and Polovina 1994) , and pueruli recruitment abundances (MacDonald 1986 ) all peak at the banks in the center of the NWHI chain. Although recruitment supply is not necessarily a limiting factor for adult lobster abundance at banks in the center of the Hawaiian Archipelago (Parrish and Polovina 1994) , only these banks are predicted to receive recruits from both the northern and southern ends of the chain (Polovina et al. 1999) , which could increase diversity in the central region. In addition, the center of the archipelago has a much greater potential to receive recruits from Johnston Atoll than other regions in the chain (Kobayashi 2006), further increasing diversity there. These higher diversity levels may be driven by bank-specific dynamics that are affecting populations of multiple species, as similar patterns of elevated diversity have been observed at banks in the center of the chain for species such as the Hawaiian grouper, Hyporthodus quernus (seale, 1901) (rivera et al. 2004, 2011) , the Hawaiian limpets, Cellana sp. (bird et al. 2007) , and the lollyfish, Holothuria atra (Jaeger, 1833) (skillings et al. 2011) .
Even if differences in nucleotide diversity are being driven by fishing, rather than Ne, it still may be too soon to detect these genetic effects (Palero et al. 2011) , especially given the 3-yr generation time of P. marginatus (Uchida and tagami 1984) , and the rapid and recent removal of individuals through the fishery. All of our tissue samples are from six to eight years after the fishery closed, so we are sampling, at maximum, 30-35 yrs after the short, but intense fishery began in the NWHI. based on typical spiny lobster life histories (Phillips and Melville-smith 2006), our samples are likely either individuals that escaped the fishery through a size refuge or trap avoidance, or they are the newest recruits to the fishery, and the offspring of the lobsters that escaped the fishery.
If we are detecting the effects of fishing, the increase in both haplotype and nucleotide diversity at the fished sites is likely due to both the size-selective nature of the harvest, as well as the removal of large berried females in the initial years of harvest until the federal Fisheries Management Plan (FMP) for spiny lobsters in the Western Pacific region was established in 1983 (Western Pacific regional Fishery Management council 1982). The removal of the largest individuals exponentially decreases reproductive output by removing the fittest individuals (MacDiarmid and butler 1999 , reviewed in birkeland and Dayton 2005 , Law 2007 ). Theoretically, it is possible that removal of the largest individuals allows reproductive output to be more evenly distributed across a larger number of individuals, effectively increasing N e while potentially decreasing overall fitness of the population (ryman et al. 1981 (ryman et al. , Karl 2008 . both Polovina (1989) and DeMartini et al. (2003) provide evidence for this compensatory reproductive output by smaller individuals at Necker Island, where densities decreased the most over the course of the fishery. As the fishery progressed, female P. marginatus produced both more eggs and larger eggs at smaller sizes, and by the fishery's closure, small females were dominating the reproductive output of Necker Island (DeMartini et al. 2003) .
Alternatively, the reduction in local density may also simply allow for an increased proportion of migrants recruiting to Necker Island instead of local recruits, as hypothesized in exploited populations of tasmanian black-lip abalone, Haliotis rubra (Leach, 1814) (Miller et al. 2009 ). Necker is predicted to receive a high proportion of self-recruits, but also receives recruits from both northern and southern banks as well (Polovina et al. 1999) , and reduction of local production may have increased the proportion of recruits from these other areas.
The lack of genetic differentiation of Necker Island from all other banks with the exception of Maui and Kauai provides evidence that this is not a genetically isolated population being impacted by harvest (coltman et al. 2003 (coltman et al. , Allendorf et al. 2008 ). However, relatively short and intense harvest of individuals at Necker Island clearly impacted reproductive dynamics (Polovina 1989 , DeMartini et al. 2003 , and the potential negative effects of such intensive harvest on genetic diversity have been documented in a number of marine species (Hauser et al. 2002 , Hutchinson et al. 2003 , Pérez-rusafa et al. 2006 , schultz et al. 2009 , but see Fenberg et al. 2010 , Palero et al. 2011 . based on the cumulative evidence presented here, it is more likely that bank-specific characteristics, such as location within the archipelago and habitat, are driving the increased diversity at Necker Island rather than fishery-induced impacts. However, given the importance of maintaining genetic variation for adaptive potential (Fisher 1930 , Frankham 1996 , reed and Frankham 2003 , bell and Okamura 2005 , the patterns reported here warrant further investigation into the possible fishery effect on genetic diversity in P. marginatus using samples collected many generations after the fishery closure. conclusion With the growing demand for ecosystem-based, as opposed to single speciesbased, management, there has been a search for generalizations to set the spatial scale of management regimes for multiple species. However, mounting evidence has shown that characteristics such as pelagic larval duration (shanks 2009 (shanks , Weersing and toonen 2009 (shanks , riginos et al. 2011 (shanks , selkoe and toonen 2011 , developmental mode (Mercier et al. 2013) , and species distribution range (Lester et al. 2007 ) cannot reliably predict scales of genetic connectivity. broad taxonomic category may provide some insight (bradbury et al. 2008, riginos et al. 2011) ; however, even within these taxonomic groups, species that are congeneric and ecologically similar have shown very different patterns of genetic differentiation across their co-distributed range (rocha et al. 2002 (rocha et al. , bird et al. 2007 (rocha et al. , crandall et al. 2008 (rocha et al. , Gaither et al. 2010 (rocha et al. , skillings et al. 2014 .
Here our mtDNA survey of two spiny lobster species P. marginatus and P. penicillatus throughout the Hawaiian Archipelago bolsters the idea that neither exemplar species nor specific suites of traits are reliable predictors of the spatial scales of management. both spiny lobster species have relatively long (>6 mo) pelagic larval durations, but both show significant population structure at some scale across the Hawaiian Archipelago. As in the case of the endemic Hawaiian limpets (bird et al. 2007 ) and two Holothuria spp. in Hawaii (skillings et al. 2014) , we caution that the genetic data of one species of Panulirus in Hawaii provide little to no information on the best management strategy for the other. Instead, only by combining data on patterns of genetic differentiation for each species with information on species life history and historical and contemporary harvest regimes can we begin to derive the optimal management strategies for fisheries species.
